This study evaluated the performance of solar drying in the Malaysian red chili (Capsicum annuum L.). Red chilies were dried down from approximately 80% (wb) to 10% (wb) moisture content within 33 h. The drying process was conducted during the day, and it was compared with 65 h of open sun drying. Solar drying yielded a 49% saving in drying time compared with open sun drying. At the average solar radiation of 420 W/m 2 and air flow rate of 0.07 kg/s, the collector, drying system, and pickup demonstrated efficiency rates of approximately 28%, 13%, and 45%, respectively. Evaporative capacity ranged from 0.13 to 2.36 kg/h, with an average of 0.97 kg/h. The specific moisture extraction rate (SMER) of 0.19 kg/kWh was obtained. Moreover, the drying kinetics of C. annuum L. were investigated. A nonlinear regression procedure was used to fit three drying models. These models were compared with experimental data on red chilies dried by open sun drying and those dried by solar drying. The fit quality of the models was evaluated using their coefficient of determination ( 2 ), mean bias error, and root-mean-square error values. The Page model resulted in the highest 2 and the lowest mean bias and root-mean-square errors.
Introduction
In subtropical and tropical countries, a name such as red chili (Capsicum annuum L.) is no stranger to the subject, and was a compulsory course in the kitchen. It is a main ingredient in all cooking, as it has high nutritional value. For Malaysian red chili, it was found to be very nutritious, with high vitamin C (175 mg/100 g), calcium (15 mg/100 g), fiber (4.8%), protein (2.8%), iron (1.8 mg/100 g), ash (0.9 mg/100 g), and lipids (0.7 mg/100 g), as shown in Table 1 [1] . The use of red chili is not just for adding food palatability because there are a number of studies that have shown that it is very beneficial for human health. Furthermore, red chili is a good source of antioxidants, being rich in vitamins A and C, minerals, and other phytochemicals, which are an important source of nutrients in the human diet. For contain nutritious of several red chili (Capsicum annuum) varieties was reported [2, 3] .
Traditionally, red chili is dried directly under the sun. Direct sun drying requires an area with a large, open space and long drying times. It is highly dependent on the availability of sunshine and is susceptible to contamination with foreign materials and insect and fungal infestations, which thrive in moist conditions, rendering red chili unusable. Most agricultural and marine products require drying to preserve the quality of the final product; however, the traditional method of direct sun drying results in low-quality products. As an alternative to open sun drying, solar drying is one of the most attractive and promising applications of solar energy systems. It uses renewable and environment-friendly technology and is economically viable in most developing countries. Much recent research has reported on solar drying of agricultural fruits and vegetables. Thin-layer drying models have also been widely used to analyze the drying of various agricultural [4] [5] [6] [7] [8] [9] [10] [11] and marine [12] [13] [14] products.
Fudholi et al. [15] reviewed various types of solar drying systems for agricultural and marine products. They reported that the moisture content of fresh chili decreased from 80% to 5% under solar drying in 48 h. Several studies have specifically investigated solar drying systems for red chili. Janjai et al. [16] reported the use of a solar greenhouse dryer for the commercial drying of 1000 kg of fruits or vegetables 2 International Journal of Photoenergy 
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Material.
Samples of the Malaysian red chili (C. annuum L.), also known as cili bangi, were obtained from the farm of the Universiti Kebangsaan Malaysia, Selangor, Malaysia. In each experiment, 0.4 kg of fresh red chili was used. About 0.4 kg red chili was taken and kept in an oven dried, which was maintained at 120 ± 1 ∘ C until constant weigh has reached. The initial and final masses of the red chili were recorded with the help of electronic balance. The procedure was repeated for every 1 h interval till the end of drying. Their average moisture content was found to be 80.2% (wb).
Solar Drying.
A solar drying unit was installed at the Green Energy Technology Innovation Park, Universiti Kebangsaan Malaysia, in 2010. The drying system was classified to be of the forced convection indirect type. A schematic diagram of the solar dryer is shown in Figure 1 . The solar drying consists of an auxiliary heater, a blower, a drying chamber, and a double-pass solar collector. The collector width and length were 1.2 m and 4.8 m, respectively. The solar collector array consisted of four solar collectors. The upper channel depth was 3.5 cm, whereas the lower depth measured 7 cm. The bottom and sides of the collector were insulated with 2.5 cm thick fiber glass to minimize heat loss. The collector consisted of a glass cover, an insulator, and a black painted aluminum absorber. It was 1.2 m wide and 4.8 m long. In this type of collector, the air initially enters through a channel formed by the glass covering the absorber plate and then through a second channel formed by the back plate and finned absorber plate. The chamber measured 2.4 m in length, 1 m width, and 0.6 m in height.
Experimental Procedure and Uncertainties.
Experiments were done between 8:00 AM and 5:00 PM using 40 kg of red chili, which was divided and equally distributed on eight trays, as shown in Figure 2 . Red chili was also placed in a small tray positioned at the center of the dryer to determine moisture loss by means of a Camry R9364 digital electronic balance with an accuracy of 0.01 g on the top center of the drying chamber. Air temperature (ambient temperature, collector inlet temperature, and collector outlet temperature), radiation intensity, and air velocity were measured, as were the air temperature before entering the dryer chamber, the temperature inside the dryer chamber, and the temperature outside the dryer chamber. Relative humidity sensors were installed in the inlet, middle, and outlet sections of the drying International Journal of Photoenergy chamber. An air flow DTA 4000 anemometer to determine the air flow velocity in the solar collector was used. T-type thermocouples with an accuracy of 0.018 ∘ C and an LI-200 pyranometer with 1% accuracy were used. During the drying process, the temperature and relative humidity in the solar dryer were recorded at 1 min intervals during the experiments with the ADAM Data Acquisition System connected to a computer. Data were averaged for 30 min prior to analysis. Experimental uncertainties analysis was presented in Table 2 .
During the measurements of the parameters, the uncertainties that occurred were shown in Table 2 . Uncertainties estimation is calculated by El-Sebaii et al. [22] 
where : uncertainty in result and 1 , 2 . . . : uncertainty in the independent variables.
Estimation of Performances Index.
The thermal efficiency of a solar collector is the ratio of useful heat gain to the solar radiation incident on the plane of the collector. It is defined as follows:
where : mass flow rate (kg/s), : specific heat of air (J/kg ∘ C),
: collector area (m 2 ), : inlet air temperature (
outlet air temperature ( ∘ C), and : solar radiation intensity (W/m 2 ). System drying efficiency is defined as the ratio of energy required to evaporate moisture to the heat supplied to the dryer. For the solar collector, the heat supplied to the dryer is the solar radiation incident upon the solar collector. The system drying efficiency is a measure of the overall effectiveness of a drying system. For forced convection dryers, typical values are expected. Calculation of the system efficiency for forced convection solar dryers should take into account the energy consumed by the fan/blower. The following expression can then be used [23] :
where : latent heat of vaporization of water at exit air temperature (J/kg), : mass of water evaporated from the product (kg), and : power fan (W). The mass of water removed ( ) from a wet product can be calculated as follows [24] :
where : initial total crop mass (kg), : initial moisture content fraction on wet basis, and : the final moisture content fraction on wet basis.
Pick-up efficiency determines the efficiency of moisture removal by the drying air from the product [25] , expressed as
where ℎ : absolute humidity of air leaving the drying chamber (%), ℎ : absolute humidity of air entering the drying chamber (%), ℎ as : absolute humidity of the air entering the dryer at the point of adiabatic saturation (%), : volumetric airflow (m 3 /s), : density of air (kg/m 3 ), and : drying time (s). Evaporative capacity was used in this study as a performance index for solar dryers according to Jannot and Coulibaly [26] . It is the weight of water that can be extracted by the air flow from the products to be dried, defined as follows:
where : evaporative capacity (kg/h), da : mass flow rate of dry air (kg/s), 2 : dryer outlet absolute humidity, and : ambient absolute humidity. Desai et al. [27] evaluated time savings in drying chili using solar drying compared with open sun drying. The performance of solar drying compared with open sun drying was calculated using the following equation:
where OS : time taken for drying the product in open sun (h) and SD : time taken for drying in solar drying (h).
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The specific moisture extraction rate (SMER), which is the energy required for removing one kg of water, SMER was calculated using (8) as reported by Shanmugam and Natarajan [28] 
where SMER: specific moisture extraction rate (kg/kWh), : mass of water evaporated from the product (kg), and : total energy input to the dryer (kWh).
Mathematical Modeling of Drying
Curves. Moisture content was expressed as percentage wet basis and then converted to grams of water per gram of dry matter. The experimental drying data for red chili were fitted to exponential thinlayer drying models using nonlinear regression analysis. The moisture ratio (MR) can be calculated as
where : the moisture content at any time , : equilibrium moisture content, and : initial moisture content with all expresses in dry basis. The moisture content dry basis is
where ( ): mass of wet materials at instant (kg) and : mass of dry materials (kg). The drying rate (DR) is expressed as the amount of evaporated moisture over time. It is defined as follows [29] :
where : moisture content at time and + : moisture content at time + .
This study used the coefficient of determination ( 2 ) as one of the primary criteria for selecting the best model for comparison with the experimental data. In addition to 2 , mean bias error (MBE) and root-mean-square error (RMSE) were used to analyze the relative goodness of fit. The model with the highest coefficient of determination and the lowest RMSE was selected as the best model describing the drying behavior of red chili [30] [31] [32] [33] [34] . This parameter can be calculated as follows:
where MR exp, : experimental value of moisture ratio, MR pre, : simulated value of moisture ratio, and : number of data points (observations). 
Results and Discussion
Performances Index.
The drying process was conducted only from 9:00 AM to 5:00 PM. During the night, the solar dryer was shut down. Drying continued until the next day, and the process was repeated until the required equilibrium moisture content was reached.
The daily mean values of drying chamber air temperature, drying chamber relative humidity, and solar radiation during the 5 days (33 h) varied from approximately 28 to 55 ∘ C, 18%
to 74%, and 104 to 820 W/m 2 , respectively, with their corresponding average values being 45 ∘ C, 30%, and 420 W/m 2 , respectively, as shown in Figure 3 . The drying temperature and relative humidity under solar drying varied continuously with increasing drying time. The results revealed that the drying temperature in solar drying was greater than the ambient temperature, whereas the relative humidity under this system was lower than the ambient relative humidity. In addition, the drying temperature and relative humidity values significantly differed at approximately 15 ∘ C and 30%, respectively, within the 33 h drying period. This explicitly indicates that the DR in solar drying is higher than that in open sun drying. On the other hand, the efficiency of the collector varied from 11% to 74%, with the average value of approximately 28%, at the drying air flow rate of 0.07 kg/s. The thermal efficiency rates for the 5 days of drying are shown in Figure 4 , which illustrates that the thermal efficiency of the collector is increased at low solar radiation.
The experimental results showed that solar drying without auxiliary heating of 40 kg of dry red chili required approximately 10% water content within 33 h (5 days of drying) to yield 8 kg of dried red chili. However, the weight of water evaporated from the red chili obtained using (3) was 31.1 kg. Adding = 2407 kJ/kg (668 Wh/kg), = 33 h, and = 420 W/m 2 to (3) yielded a drying efficiency of 12.7%. Equation (5) and a psychometric chart determined the pick-up efficiency to be 44.9%. Evaporative capacity, which ranged from 0.13 to 2.36 kg/h, with an average of 0.97 kg/h, was calculated using (6) . Evaporative capacity increased with increasing solar radiation. Table 3 compares the experimental results of the present and previous studies. Drying of red chili in solar drying reduced the moisture content from approximately 80% to approximately 10% in 33 h. At the average solar radiation of 420 W/m 2 and air flow rate of 0.07 kg/s, the collector, drying system, and pick-up efficiencies were approximately 28%, 13%, and 45%, respectively. According to (6) , a 49% saving in drying time was obtained for solar drying compared with open sun drying. Kaleemullah and Kailappan [36] studied the drying kinetics of red chili in a rotary dryer. They conducted drying experiments at the temperature range of 50-65 ∘ C for 19-33 h and observed that the quality of red chili drying increased and drying time increased at low drying temperature. In contrast, with an increase in the drying temperature, the quality of red chili drying and drying time both decreased. However, they concluded that the performance of red chili dried at 55 ∘ C was the best in terms of drying time and quality of red chili drying.
Drying Curves.
The results of the drying kinetic curves, namely, the drying curve, the DR curve, and the characteristic drying curve, of red chili using open sun drying and solar drying are shown in Figures 5-7 . The drying curve showed the profile change in moisture content ( ) versus drying time ( ), the DR curve illustrated the DR profile (dM/dt) versus drying time ( ), and the drying characteristic curve revealed the DR profile (dM/dt) versus moisture content (dry basis) (M). Figure 6 shows the dry basis moisture content versus drying time. Figure 7 shows drying characteristic curves: DR versus dry basis moisture content. According to this graph, the DR was higher in solar drying, indicating that the time required to dry the material up to equilibrium moisture content is shorter under this method.
Drying Modeling.
Three drying models were fitted with the experimental data on open sun drying and solar drying of red chili: the Newton model, the Page model, and the Henderson-Pabis model. The experimental data fitted these models in the form of changes in moisture content versus drying time, which were calculated using Excel software. Constants were calculated by a graphical method. The results of fitting are listed in Table 4 , which shows a constant drying and precision fit for each model. The model with the highest 2 and the lowest MBE and RMSE was selected to better estimate the drying curve.
The Newton model represents the relationship between MR and drying time, the exponential equation curves for which are shown in Figures 8 and 9 . These figures clearly showed constants of 0.0497 and 0.0899 for open sun drying and solar drying, respectively. The Page equation can also be expressed as follows:
Equation (13) 
From (14), a plot of ln MR versus drying time gives a straight line with intercept ln( ) and slope . The results presented in Table 4 show that the Page drying model exhibited the highest value of 2 (0.9887) and the lowest values of MBE (0.0007) and RMSE (0.0257), compared with the Newton and Henderson-Pabis models. Accordingly, the Page model was selected to represent the thin-layer drying behavior of red chili. This is in accordance with the findings of Fudholi et al. [32] [33] [34] , who reported that the Page model had a better fit to drying seaweeds compared with the Newton and Henderson-Pabis models. Similarly, Azoubel et al. [37] reported that the Page model clearly improved the simulation in comparison with the results obtained using the diffusion model and had the best fit to the experimental data, with the average errors calculated ranging from 1.89% to 12.76% and 2 values greater than 0.99. The Page model has been reported to exhibit a better fit than other models in accurately simulating the drying curves of chili [38, 39] , rapeseed [40] , green beans [41] , okra [42] , and kiwi [43] , among others. the suitability of the developed model to describe the drying behavior of red chili.
Conclusion
Solar drying of the Malaysian red chili was evaluated in this study using kinetic curves. The Page model clearly showed a better fit to the experimental data compared with the Newton and Henderson-Pabis models. It resulted in the highest 
